Flow past a disk was investigated experimentally in a low-velocity water channel in the range of intermediate Reynolds numbers. Systematic experiments with flow visualization and particle image velocimetry measurements are presented. Different disks with the aspect ratio χ = d/ h varying from 1 to 24 were investigated. The measurements were made in the range of Reynolds numbers from 0 to 500, where stationary and oscillatory instabilities appear. The influence of the aspect ratio on the value of onset instability, the evolution of perturbation, and the obtained vorticity bifurcation branches of the instability were identified.
by a rigid bent tube mounted 10 cm in front of the disk. The 55 cylindrical tube, with diameter of 0.2 cm, was hollow to allow 56 injection of colorant. Six disks with thicknesses h = 1.2, 0.9, 57 0.6, 0.4, 0.2, and 0.05 cm were investigated. To visualize the 58 flow patterns, the laser-induced fluorescence (LIF) was used 59 with fluorescein as a colorant. Measurements of the velocity 60 field were made using a particle image velocimetry (PIV) 61 system from LaVision R . The flow was seeded with spherical 62 particles of a typical diameter of 11 μm. The standard PIV 63 employed in experiments involved a charge-coupled device 64 (CCD) camera operating at 15 Hz, a double-pulsed YAG laser, 65 a timer box for synchronizing the laser with the camera, and 66 an optical module for producing the laser sheet.
67
Almost all PIV measurements were performed in the 68 back-view configuration (laser sheet was perpendicular to the 69 mean flow velocity) with an interrogation window of 32 × 32 70 pixels and an overlap of 50%. The distance between the two 71 adjacent vectors in the plane of measurements was equal to 72 about 0.8 mm.
73
The most important parameter in the present work is the 74 longitudinal component of vorticity ω z . Therefore, it is relevant 75 to describe the measurement error of this quantity. One of the 76 sources of uncertainty in PIV measurements is the velocity 77 gradient. In case of the flow, investigated in this paper, velocity 78 gradients are small as we are far from walls-the region of 79 interest is in the middle of the channel (Lazar et al. [9] ). As 80 the transversal velocities of the flow are almost one order of 81 magnitude lower than the longitudinal velocities, the number 82 of the out-of-plane events is very small. The distortion of the 83 view scene recorded by the camera lens, in the back view, is 84 very weak as its influence is significant in the areas close to the 85 edge of the image and spatially decreases towards the center 86 of the image. This fact was taken into account, as the disk 87 was placed in the center of captured images while the camera 88 remained relatively far from the plane of measurement (1.1 m). 89 As the main interest concerns the evolution of vorticity, another 90 source of uncertainty has to be considered which is the 91 truncation error associated with second-order finite difference 92 scheme, in the estimation of vorticity (Lourenco et al. [10] . The 93 velocity fluctuations, present in the obtained PIV velocity field, 94 were randomly distributed in time with the standard deviation 95 of δv = 0.13 mm/s. Taking into account spatial discretization 96 
98

III. EXPERIMENTAL RESULTS
99
A. Flow regimes
100
Three different flow regimes were distinguished experimen-
101
tally for each disk (Fig. 1) 1.25d behind the disk (see Fig. 2 ).
120
The first bifurcation from the steady axisymmetric base Table I as well as in Fig. 5 , showing higher onset for thicker 126 disks.
127
The subsequent second bifurcation leads to unsteady flow 128 with periodic shedding in the form of hairpins. The time 129 evolution of the obtained longitudinal vorticity field for this 130 regime is shown in Fig. 4 . The onset of unsteady instability is 131 shown in Fig. 5 by circles. The onset dependence on Reynolds 132 number is qualitatively similar as for the case of the first 133 bifurcation.
134
For the thickest disks (d/ h = 1.33 and d/ h = 1), the first 135 onset occurs for the highest Reynolds number, and in these 136 cases it is possible to identify how the instabilities appear, first 137 with small oscillations of the wake (values of onset given by 138 triangles in Fig. 5 ) and later with hairpins. This is the same 139 phenomenon described by Gumowski et al. [11] as "peristaltic 140 oscillations."
141
From the hydrodynamic point of view, increasing h pro-142 vides more space to develop a thicker boundary layer. For 143 the same Re value this implies lower shear strength U 0 /δ 144 and in consequence higher Re of the onset for the same 145 regime of shear instability. This effect is strongly amplified by 146 the opening of the streamlines behind a thicker body, which 147 weaken the shear (Roshko [12] ).
148
C. Effect of disk aspect ratio on magnitude of vorticity
149
The maximum magnitude of longitudinal vorticity max ω z 150 was chosen as an order parameter for further investigation. 151 This value was extracted from 100 frames of successive PIV 152 measurements (which corresponds to nearly two cycles of 153 oscillations in the unsteady regime). In the case of a steady 154 regime with two counter-rotating vortices, the maximum 155 value of the vorticity component was determined from the 156 averaged vorticity field. Thereby, the estimated relative error 157 in this regime was less than 1%. In the unsteady regime,
158
the maximum value of vorticity was searched in each frame.
159
The average value of maxima present in the signal was taken 160 as the more approximate contribution to the vorticity from 161 the legs of the hairpins, parallel to the horizontal base flow.
162
Two maximum values were determined for each snapshot, planar symmetry and unsteady flow with hairpin shedding, 181 corresponding to the peristaltic oscillations regime.
182
Returning to the stationary regime, we calculated the square 183 of longitudinal vorticity (Fig. 7 ) and compared it with the 184 predictions of a Landau model, where ω z ∼ (Re − Re c1 ) 1/2 , 185 as discussed in the conclusions.
186
From the evolution of the maximum of ω 2 z as a function 187 of Re, we estimated the law of the nonlinear evolution as 188 [14] ). This imperfect bifurcation can be observed in Fig. 7 197 in which deviation from a quadratic law can be observed for counter-rotating vortices (Fig. 8) .
206
By using the obtained streamlines, it was possible to 207 determine the length of the recirculation zone (Fig. 9) . In 
IV. DATA ANALYSIS-AZIMUTHAL FOURIER
235
DECOMPOSITION
236
A. Spatial analysis
237
To characterize in detail the evolution of main features of 238 the flow with the growing Re, we performed an azimuthal 239 Fourier decomposition of the longitudinal vorticity field. This 240 field was obtained through PIV measurements at z = 1.25d 241 (see also Ref. [18] ). In the first step axial vorticity ω z is 242 interpolated from a Cartesian to a polar grid, providing ω z 243 for a discrete set of radii r j and angles θ n . In the second step a 244 sequence of one-dimensional azimuthal Fourier transforms is 245 evaluated
and subsequently integrated in the radial direction:
yielding the azimuthal modal coefficients of the longitudinal 248 vorticity.
249
B. Mode patterns
250
Examples of this decomposition for an instantaneous field 251 of the axial vorticity are shown in Figs. 10 and 11 . The patterns 252 of the first four main polar modes are presented for two 253 different flow regimes: the regime with two stationary counter-254 rotating vortices in the wake (Fig. 10 ) and the unsteady regime 255 with hairpin shedding (Fig. 11) . As the flow preserves planar 256 symmetry, it is not surprising that the mode m = 1 contains 257 most of the flow energy and resembles with satisfactory 258 accuracy the full PIV streamwise vorticity image. 
277
The increased longitudinal vorticity with the hairpin shed- interval between maxima present in the signal. The estimated 296 frequency depends linearly on Reynolds number (Fig. 13) . (Fig. 14) .
303
D. Mode energy bifurcations
304
It was also determined how the maximum energy of 305 different modes changes with the Reynolds number. The 306 maximum energy was defined as the maximum energy present 307 in the signal of a particular mode. Three different aspect ratios 308 were analyzed: d/ h = 24 (Fig. 15) , d/ h = 1.33 (Fig. 16) , and 309 d/ h = 1 (Fig. 17) .
310
For all disks, the greatest change in the mode behavior 311 was observed during the transition to the unsteady regime. 312 However, for the disk with d/ h = 1, the mode 1 for 310 < 313 Re < 333 grows slower than for Re > 333. The same phe-314 nomenon observed by Gumowski et al. [11] was described as 315 an unsteady regime with peristaltic oscillations. The identical 316 behavior is observed in the case of the disk with d/ h = 1.33, 317 but the range ( Re) of this regime is shorter. This phenomenon 318 is not observed at larger aspect ratios. shedding in which the symmetry plane either rotates in time [6] 327 or kinks [8] or, alternatively, a shifted hairpin shedding occurs 328 [7] . This latter regime has a very short range Re between 5 329 and 10, as observed in Refs. [6] [7] [8] 19] . It depends on the aspect 330 ratio and is followed by an unsteady hairpin shedding regime 
336
One of the disks that we have investigated experimentally 337 had d/ h = 3. Because the same disk was analyzed in Ref. [6] , 338 it is worth comparing the results. for Re c2 = 202, while Ref. [6] predicted this transition at 345 Re c2 = 180. The initial Strouhal number, for each analyzed disk, re-347 mained close to 0.15, which exceeds the numerical predictions 348 by over 30%. Auguste et al. [6] obtained Sr = 0.11 for a 349 disk with d/ h = 3, and Shenoy and Kleinstreuer [8] 
351
The influence of the disk aspect ratio was studied by 352 Fernandes et al. [20] . The dependence of the first onset 353 as a function of the disk aspect ratio was determined 354 
360
In addition, we determined that another bifurcation can 361 be observed for thicker disks. It leads to unsteady flow with 362 peristaltic small oscillations of the two longitudinal vortices. 363 This kind of wake behavior has previously not been obtained 364 numerically.
365
VI. CONCLUSIONS
366
This paper presents detailed measurements of the velocity 367 field around disks having different aspect ratios. From these 368 data, we were able to obtain well-defined values for the 369 onset of the successive bifurcations occurring in this flow. 370 First, we showed that the stronger shear developing in the 371 thinner disk first destabilizes the stationary axisymmetric (a 372 lower aspect ratio corresponds to a higher critical Reynolds 373 number) recirculation region behind the disk, then destroys 374 the homogeneous toroidal shape, producing a deformed torus 375 with a varying, near-circular cross section. Simultaneously, 376 two threads of longitudinal vorticity are generated in the small 377 recirculation zone. The same behavior was observed for the 378 onset of the unsteady second instability, with vortex (hairpin) 379 shedding from one side of the disk. In addition, we observed 380 that the range between these two onsets increases when the 
where A = ρe iϕ , ρ stands for the maximum of the order One of the most important results obtained in this paper 397 is the confirmation of the increase in longitudinal streamwise 398 vorticity observed in the hairpin shedding regime, as observed 399 in Fig. 12 . Indeed, this value varies between a maximum, which 400 is the contribution of the legs of the hairpins, and a minimum, 401 which is the extrapolated value of the stationary streamwise 402 vorticity of the regular steady regime. We earlier observed the 403 same behavior in the case of a wake around a sphere [11] as 404 well as a cube [14] , and this behavior seems to be a universal 405 trend for the wake instability reported also by other authors 406 for 3D bodies such as oblate spheroids [21] , elongated finite 407 cylinders [22] , and jets in crossflows [23] .
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